We used diffraction modulation transfer functions and model eyes to predict the effect of defocus on the contrast sensitivity function (CSF) and compared these predictions with previously published experimental data. Using the principle that optically induced changes in the modulation transfer function should be paralleled by identical changes in the CSF, we used the modulation transfer function calculations with the best-focus CSF measurements to predict the defocused CSF. An aberration-free model predicted the effects of defocus well when the CSF was measured with small pupils (e.g., 2 mm) but not with larger pupils (6-8 mm). When the model included average aberrations, prediction of the defocused CSF with large pupils was better but remained inaccurate, failing, in particular, to reflect differences between individual subjects. Inclusion of measured aberrations for individual subjects provided accurate predictions in the shape of the monochromatic CSF of two of three subjects with hyperopic defocus and good predictions of the polychromatic CSF of two subjects with hyperopic defocus. Prediction of the effects of myopic defocus by use of measured individual aberrations of one subject were less successful. Hence a diffraction optics model can provide good predictions of the effects of defocus on the human CSF, given that one has knowledge of the individual ocular aberrations. These predictions are dependent on the quality of the aberration measurements.
INTRODUCTION
Optical systems in which object distance varies in real time (e.g., video cameras, the human eye) are routinely faced with the problem of defocus. Defocus can supersede the optical degradation of diffraction and aberrations and can easily become the most important optical defect. When sufficient defocus is added to an otherwise diffraction-limited optical system in monochromatic light, the modulation transfer function (MTF) quickly drops from a value of 1.0 at zero spatial frequency to become zero at some spatial frequency and then increases again. 1 Beyond this first zero, the MTF repeatedly rises and then falls to zero in a regular and predictable series [e.g., Fig.  1(a) ].
Since changes in the optical MTF caused by defocus should be reflected as equivalent changes in the contrast sensitivity function (CSF), 2, 3 the defocused CSF of the human eye would be expected to decrease rapidly with increasing spatial frequency to a predictable first zero and then exhibit undulations with local minima corresponding to minima seen in the defocused MTF's. Previous experimental studies of defocused CSF's [2] [3] [4] [5] [6] have failed to observe either the initial rapid decline in contrast sensitivity at lower spatial frequencies or the undulating CSF at higher spatial frequencies. There are several experimental and theoretical reasons for these discrepancies between the optical predictions and the experimental results: Coarse spatial-frequency sampling rates used in some studies 6 might miss local contrast sensitivity minima; the use of white or broadband light 5, 6 reduces the amplitude of the undulations seen in the monochromatic defocused MTF 7 ; averaging results for both positive and negative defocus 4 can eliminate the undulations because the defocused MTF shape varies with direction of defocus in an aberrated eye [ Fig. 1(a) ]; and averaging between subjects 6 can also smooth out the defocused MTF's because the shape of the defocused MTF is affected by aberrations 1 ( Fig. 1 ) and because aberrations can vary significantly among observers. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] All these factors can prevent any undulations in the defocused MTF's from being manifested in a CSF experiment. Also, as we will show, because myopic (positive) defocus produces smaller undulations in the defocused MTF than does hyperopic (negative) defocus [ Fig. 1(a) ] and because most previous studies used only myopic defocus, there was a reduced chance of seeing these undulations experimentally. 2, 3, 5, 6 The human eye exhibits significant aberrations for all pupil sizes except the very smallest (Ͻ2-mm diameter), and the monochromatic aberrations differ among individuals. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Also, the ocular Stiles-Crawford effect (SCE) acts as an apodizing filter. 20 Therefore, since previous modeling of the effects of defocus on spatial visual performance has ignored aberrations [2] [3] [4] or has introduced additional local inhomogeneities in refractive power 21, 22 and has failed to incorporate the SCE, it is likely that they have not accurately predicted the effect of defocus on the MTF 's and, therefore, the shape of the defocused CSF.
We examined the defocused CSF and employed autocorrelation of the pupil function to calculate the effects of defocus on the CSF by including apodization and aberrations where appropriate. We compare these predictions with previous experimental studies of defocused CSF 2, 3, 4, 7, 22 and a measure of contrast reversal. 23 An aberration-free model predicted the effects of defocus well when the CSF was measured with small pupils but not with larger pupils. When the model included average aberrations, 24 prediction of individual defocused CSF 's obtained with large pupils was inaccurate. Predictions for large pupils were improved greatly when individual aberrations were included in the model; however, all models failed to predict all features of the defocused CSF.
METHODS

A. Monochromatic Optical Transfer Functions
We determined diffraction optical transfer functions (OTF 's) by the autocorrelation of the pupil function f(x, y), 25 where
Here (x, y) are relative coordinates in the entrance pupil; M(x, y) is the amplitude function; and W(x, y) is the aberration in wavelengths given by the polynomial
A 0 is an x-tilt coefficient, A 1 is a defocus coefficient, A 3 and A 5 are spherical aberration coefficients, and A 2 and A 4 are coma coefficients. As is true for aberrations, the SCE increases as pupil size is increased. 26 The SCE is a retinal cone phenomenon that causes differential retinal illuminance efficiency of rays according to their distance from the center of the entrance pupil. The SCE may reduce the visual effects of optical aberrations in photopic lighting levels. The influence of the SCE increases with an increase in pupil size, but, since pupil size is generally small under photopic conditions, [27] [28] [29] it has been argued 30 that the SCE will have little effect on visual performance. The SCE was introduced in the pupil function of Eq. (1) as the amplitude function
where p was given the population mean value of 0.12 (Ref. 20) and h is the pupil semidiameter.
B. Polychromatic Optical Transfer Functions
We considered a number of evenly spaced wavelengths across the visual spectrum [the object was displayed on a monitor with a P1 phosphor for which it was sufficient to use seven wavelengths from 500 to 587.5 nm, 2, 3 or the object was displayed on monitors with P4 phosphors for which it was sufficient to use seven wavelengths from 460 to 640 nm (Refs. 7 and 22) ]. We assumed that coefficients at wavelengths other than the reference wavelength ref were affected only by the change in wavelength, that is, where A x indicates A 0 -A 5 . For A 1 () we also made an allowance for the chromatic difference of focus of the eye.
Using the chromatic eye model of Thibos et al., 31 we estimated the chromatic difference of refraction of the eye C relative to the reference wavelength.
The term Ϫ͓C h 2 /(2)͔ was added 30 to the previously determined defocus term A 1 () so that A 1 () was replaced in Eq. (2) by
Monochromatic OTF 's were determined at each wavelength. A weighting for the radiance spectrum and human spectral sensitivity was applied to each wavelength. The polychromatic OTF was the weighted mean of the monochromatic OTF 's. The polychromatic MTF was the modulus of the polychromatic OTF.
C. Prediction of the Defocused Contrast Sensitivity Function
The ratio of defocused and focused MTF 's is equal to the ratio of corresponding defocused and focused CSF 's. Therefore one easily obtains the predicted defocused CSF after measuring the focused CSF and calculating the MTF 's for the focused and defocused eye.
We compared the ability of three models to predict the defocused CSF. These models differed only in the coefficients [Eq. (2)].
D. Aberration-Free Model
The coefficients A 0 and A 2 -A 5 were set to zero. The defocus coefficient A 1 was related to the longitudinal defo-
with L being positive in the case of myopic defocus (retina behind the position of focus). Although we refer to this as an aberration-free model, we included chromatic aberration for use with polychromatic MTF 's. This feature was included in the next two models.
E. Average Aberrations Model
Our average aberrations model used coefficients derived from a summary of studies of spherical aberration of the eye. 24 The aberration was
where W and h were in units of millimeters and W 40 had the value 2.5 ϫ 10 Ϫ5 mm Ϫ3 . For 550 nm this is equivalent to the case in which coefficient A 3 in Eq. (2) has a value of
The other coefficients, apart from the defocus coefficient A 1 , were set to zero. For the in-focus condition, A 1 was set to a value that gave the best image quality at 20 cycles per degree (c/deg) object spatial frequency (chosen to be representative of the high spatial frequencies that are expected to be important during refraction procedures).
The coefficients for defocus levels were set relative to this best focus. For example, for a 6-mm-diameter pupil and 550-nm, the in-focus, 2-D hyperopic defocus, and 2-D myopic defocus conditions corresponded to the cases in which A 1 has values of Ϫ2.2, Ϫ18.6, and ϩ14.2 waves, respectively. Van Meeteren 30 modeled the in-focus MTF of the eye by using a much higher level of spherical aberration (W 40 ϭ 4.5 ϫ 10 Ϫ5 mm Ϫ5 ) and with lower-order terms arising from the combination of the spherical aberration with a pupil decentered relative to the optical axis. We did not use his model because we believe the value of W 40 is much too high for an average eye.
F. Measured Aberrations Model
In the only report, of which we are aware, that contains measured aberrations and the CSF of the same subjects, we reported the measured monochromatic transverse aberrations and the monochromatic CSF of three subjects tested under cyclopleged conditions. 7, 8 For both measures a 6-mm artificial pupil was aligned with the subject's foveal achromatic axis. 8, 32 Transverse ray aberrations were measured by a vernier alignment method 8 and were converted to ray aberration polynomials of the form
where T(X) is the transverse ray aberration at the computer monitor and X is the horizontal ray location in the pupil (both in distance units).
We converted transverse ray aberrations [Eq. (9)] into wave aberrations of the form
where the relative pupil coordinate x is X/h, with h being the semipupil diameter of 3 mm. Wave aberrations are integrals of transverse ray aberrations, and new coefficients in units of wavelengths are related to transverse ray aberrations by
where R is the distance from the eye to the object plane (Ϫ4000 mm) and is the target wavelength (6.05 ϫ 10 Ϫ4 mm). These coefficients have the same meaning as for [Eq. (2)]. Coefficients A 1 -A 5 are listed for all three subjects in Table 1 . Discounting the defocus coefficient A 1 , we found that the primary spherical aberration term A 3 nearly always dominated and was positive.
Since transverse chromatic aberration, which will create a wavelength-dependent shift in retinal image location, was zeroed at the fovea by location of the artificial pupil on the foveal achromatic axis, 8 the A 0 coefficient was set to zero.
Although transverse aberrations were measured along only one meridian as in Eq. (10), we treated aberrations as functions of both horizontal and vertical pupil components as given by Eq. (2). This approach works well for sinusoidal objects orientated at right angles to the meridian of aberration measurement, i.e., vertical ob-jects in our case, inasmuch as substituting x 3 for (x 2 ϩ y 2 )x in Eq. (2) resulted in a negligible difference in the MTF 's in the data sets of our subjects. This approach would not be valid for objects orientated in the same direction as the meridian of measurement.
G. Goodness of Fit
The ability of each model to predict the measured CSF was evaluated as the root-mean-square error (RMSE):
where C m and C p are the measured and the predicted log 10 (contrast sensitivity) at each spatial frequency, respectively, and n is the number of tested spatial frequencies. When C p Ͻ 0 we set C p ϭ 0, as contrast cannot be greater than 1 (100%). Since most predictions were worse at higher spatial frequencies and the measured CSF 's contained a wide variety and number of measured spatial frequencies, the RMSE will be smaller for those measured CSF 's that did not include many higherspatial-frequency measurements. Measurement errors limit the ability of any model to predict the CSF. The RMSE of repeated CSF measurement of two subjects with Ϫ2-D defocus 7 was found to be 0.14 and 0.15 log unit, a magnitude similar to that reported with optical degradation. 33 
RESULTS
We compared the accuracy of three different optical models (aberration free, eye with population average aberrations, eye with individual aberrations) of the human eye for predicting the defocused CSF of individual eyes.
A. Aberration-Free Model
Several experimental studies have examined the effect of defocus on the CSF with small pupils where the predictions of an aberration-free model were very similar to those of the models that contained aberrations. Campbell and Green 2,3 collected best-focus and ϩ2-D defocused CSF 's with a 2-mm pupil and a narrow, but not monochromatic, P1 phosphor spectrum. They compared their data to the predicted MTF changes of a monochromatic, aberration-free model, and the fits are good but far from perfect. We modeled the best-focus and ϩ2-D defocus conditions with our polychromatic aberration-free model, and the predictions for the defocused CSF are shown in Fig. 2 . Several features of the data are worth noting. The contrast sensitivity at low spatial frequencies was predicted almost perfectly by the model that predicted that defocused contrast sensitivity would decline by 0.55 log unit between 2 and 5 c/deg. The model also predicted a deep notch in the defocused CSF at approximately 6.0 c/deg. Although there was no deep notch, there was a clear dip in the defocused CSF at approximately 5.5 c/deg. The measured CSF also exhibited a second shallow dip at approximately 11 c/deg, and the model predicted a deep notch at 12.3 c/deg. It can be seen, therefore, that the aberration-free model could quite accurately locate dips and notches in the defocused CSF, but not the depth of the notch (RMSE ϭ 0.48 log unit). The model predicted that contrast sensitivity would be quite high at spatial frequencies between the contrast sensitivity minima (e.g., log contrast sensitivity of 1.25 between the first and the second minima). Experimentally, Campbell and Green observed slightly higher contrast sensitivity than was predicted at these spatial frequencies. In summary, therefore, the initial decline in contrast sensitivity and the location of contrast sensitivity minima were accurately predicted by this model, but the absolute contrast sensitivity at spatial frequencies above the first minima was generally higher than the model predicted. Interestingly, Campbell and Green did not comment on the two contrast sensitivity minima apparent at 5.5 and 11 c/deg. Using a monochromatic aberration-free model, Legge et al. 23 accurately predicted the spatial frequency of perceived contrast reversals in a polychromatic star pattern when the pattern was viewed through a small (2-mm) pupil with 2, 4, and 8 D of blur (spurious resolution 34 ). Using our monochromatic aberration-free model, we confirmed the spatial frequency of the first perceived minima for all conditions except Ϫ2-D (hyperopic) defocus (Table  2) . A second reversal was predicted at 10.8 c/deg for 2-D defocus by Legge et al., 23 suggesting that the measurement may have recorded the second and not the first contrast sensitivity minima.
Since Campbell and Green 2, 3 have shown that the human eye with a 2-mm pupil does not have a diffractionlimited MTF (though it is close), we might not expect that a diffraction-limited model would be able to predict the defocused CSF with a 2-mm pupil. However, the model is able to precisely predict the defocused CSF at spatial frequencies below the first contrast sensitivity minima, as well as the spatial frequency of the first (and possibly the second) contrast sensitivity minima. The failure to predict CSF at spatial frequencies above the first minimum may reflect small amounts of aberrations present in the experimental eyes but absent from the aberration-free model.
When an aberration-free model was used to try to predict the defocused CSF with larger pupils (e.g., 6-8-mm diameter 4 ), it failed to predict the initial decline in contrast sensitivity, the spatial frequency at which contrast sensitivity minima are expected, and contrast sensitivity at spatial frequencies above the initial minimum. In short, an aberration-free model was a very poor predictor of defocused contrast sensitivity for large pupils. The shape of the polychromatic CSF of one subject reported by Bour and Apkarian 22 [their Fig. 2(a) ] with a 3-mm pupil and ϩ0.75-D defocus was well predicted by our aberration-free model at least out to 8 c/deg [ Fig. 3(a) ], though the overall prediction was poor (RMSE ϭ 0.64 log unit). Similarly, the shape of the CSF 's with Ϫ2-D defocus of three subjects, reported by Woods et al., 7 with a 6-mm pupil was poorly predicted for both monochromatic : RMSE ϭ 1.10, 0.85 log units, respectively) CSF 's. Our aberration-free model also failed to predict the spatial frequency at which contrast reversals occur when an 8-mm pupil was used, 23 and in general the aberration-free model predicted a larger effect of defocus than was observed in the data of Legge et al. 23 ( Table 2 ).
B. Average Aberrations Model
If spherical aberration is present, as shown in Fig. 1(a) for a model eye, the shape of the defocused MTF varies with the sign of the spherical aberration, or conversely with the sign of the defocus. Since the human eye is known to be subject to aberrations [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and the influence of these aberrations on optical performance increases with pupil size, 2, 3, 5, 24 it is not surprising that the aberration-free model was a poor predictor of the CSF for larger pupils. Accuracy of the predictions of the spatial frequencies at which contrast reversal occurred 23 was not improved by the use of the average aberrations. 24 The spatial frequencies of predicted contrast sensitivity minima in a star pattern when viewed through a 2-mm pupil were not different from the predictions obtained by the aberrationfree model (Table 2) . Predictions for the 8-mm pupil differed from the aberration-free model only at 2-D defocus (Table 2) , with higher levels of defocus being dominant over the average (spherical) aberrations.
Using the average aberrations model, we obtained predictions of the CSF with defocus that were more consistent with reported values with monochromatic 7 and white 22 light but which failed to demonstrate the reported substantial intersubject variations in defocused CSF shape. 7 For example, with a 6-mm pupil and Ϫ2-D defocus, an undulating monochromatic (550-nm) CSF was predicted with a first minimum at 2.1 c/deg, as compared with the measured first minima of between 2.8 and 4.5 c/deg. 7 The predicted minima were much deeper than those reported, and the CSF predictions, while better than the aberration-free model, were generally poor [results obtained by Woods et Fig. 3(b) ; RMSE ϭ 0.57 log unit]. Although the average aberrations model predicted the defocused CSF Fig. 3 . CSF 's for subjects 9 for both in-focus (circles) and ϩ0.75-D defocus (squares) conditions. The CSF 's predicted for ϩ0.75-D defocus on the basis of aberration-free, polychromatic MTF 's (solid curve) and on the basis of average aberration, polychromatic MTF 's (dashed curve) are also shown. (a) Subject C 2 with 3-mm pupil; (b) subject C 1 with dilated pupil, which we assumed to be 8 mm. The arrow indicates the spatial frequency at which a notch occurred in the measured CSF for ϩ0.75-D defocus. 
C. Measured Aberrations Model
With the addition of asymmetrical aberrations such as coma, the MTF minima may not pass through zero, and the shape of the MTF depends on the object orientation [ Fig. 1(b) ].
Coma is a common human ocular aberration. [14] [15] [16] [17] [18] [19] Given the large intersubject variations in the effect of defocus on the CSF, 7 it is not surprising that the average aberration model was unable to reflect these differences, which, presumably, are a consequence of differences in the ocular aberrations. 8 Using a model that incorporated the measured aberrations, 8 we found that the shapes and magnitudes of measured 7 and predicted monochromatic CSF 's with 6-mm pupils and Ϫ2-D defocus agreed almost perfectly for two subjects [AB and DAA in Figs. 4(a) and  4(b); RMSE ϭ 0.16, 0.22 log unit, respectively] . The match for a second CSF of subject DAA was not as good (RMSE ϭ 0.33 log unit), and the absolute match for the other subject (RLW) was worse [ Fig. 4(c) ; RMSE ϭ 0.57 log unit]: The model correctly predicted the spatial frequencies at which the first two minima occurred, but the CSF was predicted to decline more quickly than was measured. The match for a second CSF of subject RLW was similar (RMSE ϭ 0.50 log unit). At other levels of hyperopic defocus good predictions of CSF shape were obtained also when aberrations measured from the tested eye were included. The prediction from the model eye (Fig. 1) that the location of CSF notches will be affected by aberration levels was supported (compare Fig. 4 and Table 1 ). The prediction that asymmetrical aberrations reduce CSF notch depth [ Fig. 1(a) ] is clearly shown in Fig.  4 , where the predicted notch depths are only approximately 0.5 log unit, and they match the experimentally observed notches almost perfectly for subject AB, but the depths of the notches were overestimated by the model for subjects DAA and RLW. This may reflect oversimplification of the aberration polynomial fit, undersampling, and assumptions of isoplanatism.
For one subject [ Fig. 5(a) ], predictions of the shape of the defocused polychromatic CSF lacked any large notches. This subject, who exhibited a highly notched defocused monochromatic CSF [ Fig. 4(a) ], showed a defocused polychromatic contrast sensitivity very similar to that predicted (RMSE ϭ 0.20 log unit). Predictions from measured aberrations of a second subject's eye still produced a highly notched defocused polychromatic CSF [ Fig. 5(b) ]. Experimentally, this subject's polychromatic defocused CSF was quantitatively similar to the prediction, but only small notches were observed (RMSE ϭ 0.38 log unit).
The prediction that the effect of defocus on the CSF will vary with sign in the presence of spherical aberration [ Fig. 1(a) ] was supported [compare Fig. 6 with Fig. 4(b) ]. The CSF predictions obtained with the measured aberrations model were less successful with myopic defocus Measured monochromatic CSF 's for ϩ2-D defocus. The first CSF prediction (solid curve) was based on the individual-based aberration MTF 's as previously described. The second (dashed curve) was based on the aberration data for the in-focus condition combined with an additional defocus term (A 1 ϭ ϩ14.88 waves). The arrows indicate the spatial frequencies at which notches occurred in the measured CSF for ϩ2-D defocus.
(solid curve in Fig. 6 : RMSE ϭ 0.59 log unit) than with hyperopic defocus [ Fig. 4(b) ]. Predictions from the aberration-free model (RMSE ϭ 0.37 log unit) and average aberrations model (RMSE ϭ 0.34 log unit) were better. An alternative prediction for myopic defocus that combined the in-focus aberration data with a defocus term A 1 ϭ ϩ14.88 waves corresponding to ϩ2-D defocus) was more successful (dashed curve in Fig. 6 : RMSE ϭ 0.29 log unit). This result suggests that there may be limitations in the technique employed for measurement of transverse aberrations by Woods et al. 8 when that technique is used with myopic defocus.
In the earlier study 7 a geometrical-optics model that included the effects of aberrations and the SCE was shown to predict the spatial frequency of CSF notches for hyperopic defocus. However, the geometrical-optics model tended to predict greater increases and decreases in the CSF than were measured or were predicted by the diffraction optics model. Also, the spatial frequencies of the local minima predicted by the geometrical-optics model were always slightly lower than the measured minima. The diffraction model proved better than the geometricaloptics model in the prediction of CSF shape for all three subjects. For example, Fig. 7 shows an example for subject DAA: diffraction model RMSE ϭ 0.22 log unit, geometrical-optics model RMSE ϭ 0.34 log unit.
DISCUSSION
We have shown that changes in the shape of the CSF caused by defocus can be predicted by use of a diffraction optics model that includes the measured aberrations and the SCE (Figs. 4-7) . Models that fail to include aberrations or which include estimates of the population average aberrations are effective at predicting defocused CSF 's with small pupils but are less successful with larger pupils. However, when the individual aberrations of a given eye are used in a model, we are able to provide accurate predictions of defocused CSF even with large pupils. Since previous studies [2] [3] [4] [5] [6] [7] 22, 23 used spherical defocus, other causes of CSF undulations such as discrete optical discontinuities 21, 22 and astigmatic defocus 35 are not necessary precursors and are not required for prediction of the complex shape of the CSF. Predictions from measured aberrations were successful for both polychromatic and monochromatic CSF 's. As the wavelengths used in the ocular aberration 8 and contrast sensitivity 7 measures were different, we corrected for the induced refractive error difference caused by longitudinal chromatic aberration. Aberrations should increase as wavelength decreases, but no allowance was made for this in our polychromatic CSF modeling. Hence the aberration coefficients are too small for wavelengths below 605 nm. It is not clear how important this modeling error will be.
Geometrical-optics models become more accurate as the defocus level increases and the spatial frequency decreases. 34 While Woods et al. 7 were able, for the first time, to predict intersubject variations in the location of CSF minima, our diffraction optics model provided better predictions of the CSF shape than did their geometricaloptics model for the combinations of conditions given here (Fig. 7) . Predictions were better for the monochromatic than the polychromatic conditions for subject AB, while the reverse was true for subject RLW (Figs. 4 and 5) .
The sign of the defocus is irrelevant for an aberrationfree optical system 1 but becomes critical when significant aberrations are present [ Fig. 1(a) ]. Our optical model clearly showed that the undulations expected in the defocused MTF were much larger when the sign of the defocus was opposite that of the aberration (the latter in unaccommodated human eyes is usually positive). [10] [11] [12] [13] 17, 18 Consistent with these predictions, notches in the CSF 's of our subjects were most apparent with hyperopic [e.g., compare Figs. 4(b) and 6]. Most previous studies have used positive (myopic) defocusing lenses.
The CSF predictions were good with hyperopic defocus but worse with myopic defocus. When we based our myopic defocus predictions solely on the in-focus aberration data, we were able to achieve better predictions than when using the full aberration data for the defocus level (there was little difference in the two predictions for hyperopic defocus). We believe the shortcoming is in the experimental data rather than in our modeling. The task of making the vernier alignment settings 8 was much more difficult in the case of myopic focus than in the case of hyperopic defocus, with the line targets being particularly indistinct and the spot becoming elongated.
Since some of our model predictions were not perfect, it is worth examining possible sources of these discrepancies. First, our MTF calculations were imperfect because they were based on ocular aberration measurements in only one meridian of the pupil. Although measures of the whole pupil demonstrate that a one-dimensional aberration function often may not be representative of the entire pupil, 14, 15, 17, 18 this is unlikely to have much effect on the MTF results since the target was perpendicular to the meridian of aberration measurement. 7 The use of an average SCE, 20 rather than a value measured for each subject, was a limitation that could explain the worse monochromatic fit for subject RLW. Finally, no allowance was made by Woods et al. 7 for the effect of correcting and defocusing lenses on the point of pupil entry. The greatest error would alter the spatial frequencies by less Measured monochromatic CSF 's for Ϫ2-D defocus, and monochromatic CSF 's for Ϫ2-D defocus predicted from both diffraction optics (solid curve) and geometrical-optics (dashed curve) models. than 0.1 c/deg out to at least 10 c/deg. Note that the RMSE of the prediction of subject AB's monochromatic defocused CSF [ Fig. 4(a) : RMSE ϭ 0.16 log unit] was similar to that for repeated CSF measurement (RMSE ϭ 0.14, 0.15 log unit).
In conclusion, a diffraction optics model can provide accurate predictions of the effects of defocus on the human CSF, given that one has knowledge of the individual ocular aberrations. These predictions are dependent on the quality of the aberration measurements.
